Introduction {#Sec1}
============

Ammonia borane (or borazane, NH~3~BH~3,)~ is a crystalline, white colored, non-toxic and stable chemical, which is an alternative source for hydrogen storage due to its high hydrogen content (19.5 wt%) and appropriate temperature for H~2~ release. It can be easily transported and dissolved in polar solvents such as water and methanol \[[@CR1]--[@CR3]\]. Ammonia borane (AB) has been used in fuel cells in two ways: one is H~2~ formed hydrolysis of AB source \[[@CR4]--[@CR6]\] and another is AB direct electrooxidation \[[@CR7]\]. The hydrolysis of AB is unwanted in AB electrooxidation reaction since the H~2~ evolution in the system not only reduces the energy density of fuel cell but also leads to the safety problems. The hydrolysis reaction of AB has been observed in the presence of some common catalysts such as Co \[[@CR8], [@CR9]\], Pd \[[@CR10]\], Ru \[[@CR11]\], Ni \[[@CR12]\], Co-Pt \[[@CR13]\], NiCo-Pt \[[@CR14]\], etc. Obviously, to avoid the hydrolysis of AB, these metal catalysts should not be used in ammonia borane electrooxidation reaction directly.

The direct electrooxidation of AB is assumed as chemical or electrochemical reaction, which is initiated with the dissociation of AB in alkaline solution to form hydroxyl-borohydride (BH~3~(OH)^−^) and ammonia (NH~3~) (Eq. [1](#Equ1){ref-type=""}). The BH~3~(OH)^−^ intermediate is then oxidized to form B(OH)~4~^−^ with a yielding of total six electrons related to the maximal efficiency process \[[@CR15], [@CR16]\] (Eq. [2](#Equ2){ref-type=""}):$$\documentclass[12pt]{minimal}
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The electrooxidation of AB may proceed through different paths as multielectron process, generally depending on the electrode material and pH of the supporting electrolyte. In order to hinder hydrolysis reaction of AB, the electrode material is generally inactive for hydrolysis by increasing the pH of supporting electrolyte. Au-based electrodes are good catalysts for direct electrochemical oxidation of BH~3~(OH)^−^ and show poor catalytic activity with respect to its hydrolysis over a certain concentration range \[[@CR16]--[@CR18]\]. The direct electrochemical oxidation of AB (Eqs. [1](#Equ1){ref-type=""}, [2](#Equ2){ref-type=""}) has been studied on Au microdisk and Au disk electrodes in alkaline solutions \[[@CR17], [@CR18]\]. In another study, amorphous core of Fe in Fe--Pt core--shell nanoparticles showed high catalytic activity towards AB oxidation \[[@CR19]\].

Gold nanoparticles are remarkable examples of nanoscaled electrocatalysts with new properties that have been used in fuel cells \[[@CR20]--[@CR23]\], sensors \[[@CR24]--[@CR26]\], as well as many other applications due to their small dimensional size, good stability, and excellent catalytic activity. Silver nanoparticles are also widely used in electrochemistry as electrode materials due to their high catalytic activity, novel optical property, and low cost compared to other noble metals \[[@CR27]--[@CR31]\]. In our previous study, Ag nanoparticles were synthesized on poly(thiophene)-modified glassy carbon electrode (GCE) surface using cyclic voltammetry (CV) and then applied to the electrocatalytic caffeic acid oxidation \[[@CR32]\].

Bimetallic nanoparticle-modified electrodes have been studied extensively due to their improved catalytic performance owing to their synergistic and electronic effects \[[@CR33]--[@CR37]\]. Synthesis of bimetallic particles can be carried out through various methods, such as electroless plating \[[@CR37]\], surface reaction \[[@CR38]\], seeding-mediated synthesis \[[@CR39]\], self-assembly, and electrochemical methods \[[@CR40], [@CR41]\]. Among them, electrochemical synthesis is an easy approach in preparing bimetallic surfaces by controlling the impurities, particle sizes, and the amount of modifier components. Metal nanoparticles need a supporting material such as carbon nanotubes, graphene, or conducting polymers in order to maintain their stability and physical properties \[[@CR42], [@CR43]\].

Au--Ag bimetallic catalysts have concerned much attention in recent years owing to their electronic, optical, and catalytic properties which differ from those of individual Au and Ag mono metals. Au--Ag bimetallic catalysts have been widely used for catalytic applications \[[@CR44]\]. Reduced graphene oxide supported Au--Ag bimetallic catalyst was found to have higher electrocatalytic activity for glucose compare Au and Ag monometal catalysts \[[@CR45]\]. In another study, grapheme was used for supporting of sonochemical synthesis of Au--Ag bimetallic nanoparticles to improve the catalytic activity of graphene oxide for investigation of 4-nitrophenol \[[@CR46]\]. Au--Ag alloy catalyst was also supported on mesoporous aluminosilicate for use in low-temperature CO oxidation with high stability \[[@CR47]\]. In addition, Au--Ag bimetallic nanoparticle-modified glassy carbon electrode was used as H~2~O~2~ sensor, which was directly deposited on GCE surface by CV \[[@CR48]\]. Another sensing application is that pyrene determination on Au--Ag bimetallic nanoparticle-modified poly(pyrrole) film GCE in which Au and Ag nanoparticles were successfully synthesized by co-precipitation method \[[@CR49]\].

To the best of our knowledge, the present study is the first report for the electrochemical oxidation of AB at electrochemical fabrication of Au--Ag nanoalloy on PAP surface. The poly(*p*-aminophenol) film glassy carbon electrodes (PAP/GCE) were modified with Au--Ag bimetallic nanoparticles by electrochemical techniques for catalytic oxidation of AB in alkaline solution. The morphological, electrical, and chemical properties of all electrodes were investigated. The electron-transfer number during ammonia borane oxidation was also calculated by using rotating disk electrode and chronoamperometry studies.

Experimental {#Sec2}
============

Reagents {#Sec3}
--------

AB was purchased from Alfa Aesar. Standard solutions of AB (0.1 mol L^−1^) were freshly prepared by dissolving the required amount of reagent in ultrapure water. NaOH was used as a supporting electrolyte obtained from Raidel De Haen. The *p*-aminophenol was obtained from Fluka and used without further purification. Sodium dodecylsulfate (SDS), HClO~4~, AgNO~3~, and HNO~3~ were of analytical-reagent grade and was supplied from Sigma, Carlo Erba, and Merck, respectively. Chloroauric acid solution was prepared by dissolving the Au wire (99.999 % in purity, Tanaka Kikinzoku Kogyo Co., Ltd.) in a mixture of concentrated HNO~3~:HCl (volume ratio of 1:3). All of the solutions were prepared by using ultrapure water with minimum resistance of 18 MΩ cm^−2^ from Milli-Q system. All experiments were carried out at ambient temperature and under highly pure nitrogen flow over the solution during electrochemical experiments.

Instruments {#Sec4}
-----------

Voltammetric measurements were carried out using BAS100B/W Electrochemical Analyzer and Autolab 302N Voltammetric Analyzer equipped with three electrode system consisted of the as-synthesized working electrodes (GCE, PAP/GCE, Ag/PAP/GCE, Au/PAP/GCE, and Au--Ag/PAP/GCE), an auxiliary electrode (Pt wire) and reference electrode (Ag/AgCl (sat. KCl)). Glassy carbon electrode (with a diameter of 3 mm, 0.0707 cm^2^ geometric area) was purchased from BASi. Cyclic voltammetry, chronoamperometry modes, and rotating disk electrode were utilized throughout the studies.

The morphology and size of synthesized samples were determined by employing Philips XL 30 SFEG scanning electron microscopy (SEM) and Tecnai G2 F20 S-TWIN transmission electron microscopy (TEM). The elemental analysis was performed with an energy dispersive X-ray (EDX, Oxford). The X-ray photoelectron spectroscopy (XPS) measurements of the Au--Ag nanoparticle-modified PAP/GCE was carried out with a Thermo K-Alpha-Monochromated high-performance XPS spectrometer. The surface layer kinetics of modified electrodes were evaluated on Autolab 302 N electrochemical impedance spectroscopy (EIS). X-ray diffraction(XRD) patterns of the Au--Ag/PAP film electrode were obtained by X-ray diffraction analyses using PANALYTICAL Empyrean diffractometer with Cu-K-Alpha1 radiation (15406 Ao; 40 kV, 40 mA) and the samples were scanned from 5 to 90 2*θ* in step sizes of 00130 and scan step time 14,892 s.

Preparation of Au--Ag Nanoparticle-Modified Poly(*p*-aminophenol) Film GCE {#Sec5}
--------------------------------------------------------------------------

Prior to modification, GCE was activated by polishing with different grades of Al~2~O~3~ slurry (0.05--3 micron) on a synthetic cloth, and then rinsed with pure water and ultrasonicated in ultrapure water and ethanol for 3 min, successively. The PAP film was prepared according to previous studies \[[@CR50]\]. The electrochemical polymerization of *p*-aminophenol was carried out in 5 mmol L^−1^ SDS and 5 mmol L^−1^ *p*-aminophenol containing 0.5 mol L^−1^ HClO~4~ solution by cycling the potential from −0.5 to 2.0 V versus Ag/AgCl (sat. KCl) with scan rate of 100 mV s^−1^. The obtained electrode was ready for use after the final wash with ultrapure water and denoted as PAP/GCE.

Ag nanoparticles were deposited on the PAP/GCE using CV according to our previous study \[[@CR43]\]. Briefly, the prepared PAP/GCE electrode was immersed in 1 mmol L^−1^ AgNO~3~ and 0.1 mol L^−1^ HNO~3~ solution. The potential was scanned between 0.3 and −0.9 V by consecutive CVs with 50 mV s^−1^ scan rate for 10 cycles. The obtained metal nanoparticle-modified poly(*p*-aminophenol) film electrodes were ready to use after the final wash with ultrapure water and denoted as Ag/PAP/GCE. Deposition of gold nanoparticles on Ag/PAP/GCE was carried out in HAuCl~4~ and 0.1 mol L^−1^ HCl solution in the potential range between 0.1 to −0.9 V with 50 mV s^−1^ scan rate for 10 cycles. The obtained bimetallic-modified electrode was ready to use after the final wash with ultrapure water and denoted as Au--Ag/PAP/GCE.

Results and Discussion {#Sec6}
======================

Characterization of Electrodes {#Sec7}
------------------------------

The surface morphology of the bare GCE and modified electrodes were characterized by SEM and TEM. As it is seen in Fig. [1](#Fig1){ref-type="fig"}a, porous PAP film appears and shows almost homogenous distribution on the GCE surface which is obviously different from GCE image. On the PAP surface Ag nanoparticles with an average size of 80 nm are formed by cyclic voltammetry from SEM image of Ag/PAP/GCE (Fig. [1](#Fig1){ref-type="fig"}b). The particles were distributed uniformly on the PAP/GC working electrode. Figure [1](#Fig1){ref-type="fig"}c shows the SEM image of the PAP/GCE surface with Au--Ag bimentallic nanoparticles. As can be seen, the bimetallic nanoparticles are regularly distributed on the surface after consecutive deposition of Au and Ag on PAP/GCE. The nanoparticles have round shape with an average size of 90 nm. The presence of Au and Ag on PAP surface was confirmed by EDX spectroscopy analysis (Fig. [1](#Fig1){ref-type="fig"}d). The corresponding EDX analysis for the selected arrow point and square area of SEM are shown in Fig. [1](#Fig1){ref-type="fig"}c. The weight percentage of elements found in these areas were 33.07 % for Au and 4.88 % for Ag (Fig. [1](#Fig1){ref-type="fig"}d). The size and spherical morphology of Au--Ag bimentallic nanoparticles on the polymer substrate were also observed by TEM characterizations (Fig. [1](#Fig1){ref-type="fig"}e--h). At smaller magnifications, one can see the particles are well separated and the size is in the range of 20--50 nm (Fig. [1](#Fig1){ref-type="fig"}e, f). From the high-resolution TEM (HRTEM) images, the Au--Ag particles are substantially uniform, indicating that electron density within the volume of the particle is homogeneous (Fig. [1](#Fig1){ref-type="fig"}g, h). The data are in supportive agreement with previous reports \[[@CR51], [@CR52]\].Fig. 1SEM images of **a** PAP/GCE, **b** Ag/PAP/GCE, and **c** Au--Ag/PAP/GCE, **d** EDX image of Au--Ag/PAP/GCE. **e**, **f** TEM and **g**, **h** HRTEM images of Au--Ag bimentallic nanoparticles on PAP/GCE film surface

In order to characterize the chemical composition of the Au--Ag/PAP-modified glassy carbon electrode, Au4*f* and Ag3*d* photoemission core-level spectra were studied. Figure [2](#Fig2){ref-type="fig"}a, b shows the comparative core-level spectra for Au/PAP/GCE versus Au--Ag/PAP/GCE and Ag/PAP/GCE versus Au--Ag/PAP/GCE, respectively. The dashed lines indicate the positions of the bulk metal bands. The Au4*f* spectrum resolves into two spin--orbit components (Au4*f* ~7/2~ and 4*f* ~5/2~) on Au/PAP and Au--Ag/PAP electrodes (Fig. [2](#Fig2){ref-type="fig"}a). The peaks of Au4*f* ~7/2~ are observed at 84.68 and 84.1 eV on Au/PAP electrodes, whereas peaks of Au4*f* ~5/2~ are observed at 88.31 and 87.85 eV on Au--Ag/PAP, respectively. Au4*f* peaks at Au--Ag bimetallic surface are shifted towards lower binding energy (BE) by \~0.6 eV relatively to the bulk Au. The doublets are corresponding to the metallic Au \[[@CR53]\]. The Ag3*d* signal of both Ag/PAP and Au--Ag/PAP electrode shows two peaks due to spine orbital splitting of the 3*d* ~5/2~ and 3*d* ~3/2~ states, as displayed in Fig. [2](#Fig2){ref-type="fig"}b. One of the intense doublet peaks, Ag3*d* ~5/2~, were observed at 368.2 and 368.14 eV, and the other Ag3*d* ~3/2~ peaks were observed at 374.3 and 374.15 eV on Ag/PAP and Au--Ag/PAP, respectively. The results could be attributed to the metallic Ag \[[@CR54]\]. The evaluation of the Ag3*d* spectra of Au--Ag bimetallic surface reveals higher energy BE shift of ca. 0.1 eV related to the bulk metal value. The shifting of binding energy values indicates an alloyed formation with atomic level by mixing of Au and Ag. The 1.3:1.0 ratio of Au and Ag in Au--Ag/PAP electrode surface can be extracted from XPS data of 56.6 % for Au and 43.4 % for Ag atomic content.Fig. 2XPS spectra of **a** Au/PAP/GCE versus Au--Ag/PAP/GCE, **b** Ag/PAP/GCE versus Au--Ag/PAP/GCE. **c** The Nyquist plots of the bare GCE, PAP/GCE, Ag/PAP/GCE, Au/PAP/GCE, and Au--Ag/PAP/GCE. **d** XRD pattern of the Au--Ag/PAP/GCE electrode. The standard patterns of pure Au (ICSD 98-006-4701) and Ag (ICSD 98-006-4997) are attached for comparison

Figure [2](#Fig2){ref-type="fig"}c shows EIS results of bare GCE, PAP/GCE, Au/PAP/GCE, Ag/PAP/GCE, and Au--Ag/PAP/GCE in the presence of 5 mmol L^−1^ \[Fe(CN)~6~\]^3−/4−^ containing 0.1 mol L^−1^ KCl solution at frequency range from 0.5 to 50.000 Hz. It can be seen that all electrodes represent a semi-circular and linear portion. The semi-circle corresponds to the charge transfer process through the GCE and polymer films at high frequencies, whereas the second one is due to the diffusion process in the low frequencies. The diameter of the semi-circle represents the magnitude of electron-transfer resistance at the electrode surface. The EIS data were fitted with an *R* ~s~ (*C*(*R* ~ct~ *W*)) equivalent circuit as given in Fig. [2](#Fig2){ref-type="fig"}c inset. This equivalent circuit consists of ohmic resistance (*R* ~s~) of electrolyte solution, the double-layer capacitance (Cdl), and electron-transfer resistance (*R* ~ct~) resulting from the diffusion of ions from bulk of the electrolyte to the interface and Warburg impedance (*W*). Large semi-circle as 428 Ω of *R* ~ct~ value was obtained for bare GCE, indicating that there is a high electron-transfer resistance. However, after PAP film modification, a smaller semi-circle was obtained which meant low electron-transfer resistance. *R* ~ct~ value obtained for PAP/GCE is 194 Ω which is higher than the metal nanoparticle-modified polymer film electrodes. The *R* ~ct~ values of Au/PAP/GC and Ag/PAP/GC electrodes were found to be 157 and 154 Ω, respectively. The *R* ~ct~ value of Au--Ag bimetallic surface is obviously smaller than other modified electrodes (126 Ω). This phenomenon proves the excellent electroconductibility of Ag--Au bimetallic surface. Moreover, these results show that Au--Ag/PAP film is successfully formed on the GCE surface.

The crystal structure of the Au--Ag/PAP-modified glassy carbon electrodes was also investigated and their XRD patterns are shown in Fig. [2](#Fig2){ref-type="fig"}d. As can be seen, five characteristic peaks of {111}, {200}, {220}, {311}, and {222} were, respectively, located at 38.28, 44.34, 64.54, 77.52, and 81.72, indicating an *fcc* Au--Ag alloy structure \[[@CR55], [@CR56]\]. Moreover, the XRD patterns of Au and Ag are completely overlapped since the lattice constants of Au (0.4080 nm) and Ag (0.4086 nm) are almost similar. Therefore, the Au--Ag alloy cannot be distinguished from the XRD powder patterns as monometallic phases \[[@CR57]\]. Based on the experimental observations, the peak corresponding to the {111} plane is more intense than those to other planes, indicating that the {111} plane has the predominant orientation. It can be concluded that Au--Ag nanobimetallic structure has been successfully prepared on poly(*p*-aminophenol) surface by a simple electrode position using CV technique.

Electrochemical Behavior of Ammonia Borane on Different Electrodes {#Sec8}
------------------------------------------------------------------

The electrochemical behaviors of various electrodes, such as bare GCE, PAP/GCE, Au disk electrode, Ag/PAP/GCE, Au/PAP/GCE, Ag--Au/PAP/GCE (firstly Au deposition, and then Ag deposition on Au/PAP/GCE), and Au--Ag/PAP/GCE (firstly Ag deposition, and then Au deposition on Ag/PAP/GCE) towards the AB oxidation were investigated in 2.0 M NaOH using CV technique. As can be seen from Fig. [3](#Fig3){ref-type="fig"}a, there isn't any oxidation or reduction peak in either anodic or cathodic current---potential scan in the absence of AB at modified and bare electrodes. Modification of GCE with poly(*p*-aminophenol), Au and Ag nanoparticles resulted in the increment on background currents.Fig. 3Cyclic voltammograms for bare GCE, PAP/GCE, Ag/PAP/GCE, Au/PAP/GCE, Au--Ag/PAP/GCE, and Ag--Au/PAP/GCE in 2.0 mol L^−1^ NaOH **a** absence of AB and **b** presence of 1.0 mmol L^−1^ AB, scan rate: 50 mV s^−1^

Figure [3](#Fig3){ref-type="fig"}b shows the cyclic voltammograms of the bare GCE, Au disk, and all modified electrodes in the 2.0 M NaOH solution containing 1.0 mM AB. Electrochemical behavior of AB on bare GCE and PAP/GC electrodes are given in the inset of Fig. [3](#Fig3){ref-type="fig"}b, in which there is no oxidation or reduction peaks observed in the presence of AB. This result shows that bare GCE and PAP/GCE surface have no catalytic affect towards AB electrooxidation. On the contrary, well-defined oxidation peaks were observed at ca. −0.863 V on Au disk, −0.917 V on Au~10cyc~/PAP, −0.865 V on Ag~10cyc~/PAP, −0.943 V on Ag~10cyc~--Au~10cyc~/PAP, and −0.978 V on Au~10cyc~--Ag~10cyc~/PAP-modified GC electrodes for 1.0 mmol L^−1^ AB in 2.0 mol L^−1^ NaOH solution. In addition, another small anodic peak as a shoulder was observed at about −0.40 V on these electrodes during the anodic way potential scans. Both oxidation peaks are related with the AB species that agree with the published work of Au nanoporous gold catalyst \[[@CR16]\] and microelectrodes \[[@CR17]\]. The first peak located at more negative potential may be assigned to the electrooxidation of BH~3~OH^−^ produced by chemical dissociation of BH~3~ from AB which reacts with OH^−^. The second small anodic peak located at more positive potential that can be associated with oxidation product of BH~3~OH^−^, without the implication of H~2~ electrooxidation.

The above CV results show that the Au--Ag nanoalloy exhibits much higher catalytic activity for the electrocatalytic oxidation of AB in terms of peak potential and peak current in comparison with other modified electrodes. The AB oxidation potential is more negative on Au--Ag surface than those observed on Au/PAP and Ag/PAP surfaces, respectively. The shifting of oxidation potential to more negative potentials could be attributed to the existence of bimetallic Au--Ag alloy particles on the polymer support that enhance the electrocatalytic oxidation kinetics of AB.

When compared the present results with reported papers \[[@CR16]--[@CR18]\], the electrochemical oxidation of AB was monitored at more negative potential on Au--Ag bimetallic surface than the published papers. The higher catalytic activity of Au--Ag/PAP/GCE can be explained by the synergetic effect of alloy bimetallic particles supported by XPS, XRD, and TEM studies.

To prepare Au--Ag/PAP/GC electrode with improved electrocatalytic activity towards AB oxidation, a series of parameters were optimized, such as NaOH concentration, *p*-aminophenol concentration, and polymerization cycle number. After optimization studies, the optimum parameters were evaluated as follows: 2.0 M NaOH, 5.0 mM *p*-aminophenol concentration, and 35 cycles for polymerization. The PAP/GC electrodes were prepared with different coverages by changing the cycle numbers of Au and Ag deposition (Fig. [4](#Fig4){ref-type="fig"}) in order to obtain the best composition of Au--Ag on PAP surface for AB oxidation. The overall results prove that bimetallic nanoparticle-modified PAP/GC electrodes offer a satisfactory enhancement in peak characteristics of AB oxidation. The desirable change in oxidation peak current was observed for 10 cycles of Ag deposition followed by 10 cycles of Au deposition on PAP/GCE surface.Fig. 4Dependence of Ag and Au modification cycle number on oxidation peak current of 1 mmol L^−1^ AB in 2 mol L^−1^NaOH

The effect of scan rate on the CV behavior of Au--Ag/PAP/GC electrode in the presence of 1.0 mM AB is shown in Fig. [5](#Fig5){ref-type="fig"}a. Cyclic voltammograms were obtained from potential scan between --1.2 to 0.0 V with different scan rates of 3--1000 mV s^−1^. The peak current increases linearly with the square root of scan rate over the range of 3--1000 mV s^−1^ (Fig. [5](#Fig5){ref-type="fig"}b). The linear regression equation was found as *i* ~p~ (µA) = 3.076 *v* ^1/2^ ((mV s^−1^)^1/2^) + 1.6251 with a correlation coefficient of *R* ^2^ = 0.9994. According to these results, anodic peak current was controlled by the mass diffusion indicating a diffusion-controlled process. A plot of oxidation peak potential (*E* ~*p*~) versus log*v* for Au--Ag/PAP/GCE is given in Fig. [5](#Fig5){ref-type="fig"}c. A linear relation between peak potential and logarithm of scan rate for AB oxidation peak indicates that there is an irreversible electrode process on Au--Ag/PAP/GCE surface. This is coherent with the linearity value that was calculated from the Laviron equation \[[@CR58], [@CR59]\].Fig. 5**a** CVs of Au--Ag/PAP/GC electrode in the presence of 1.0 mmol L^−1^ AB + 2 mol L^−1^NaOH with different scan rates of 0.003, 0.005, 0.010, 0.025, 0.050, 0.075, 0.100, 0.150, 0.250, 0.300, 0.400, 0.500, 0.750, and 1.000 V s^−1^. **b** *E* ~p~ versus log*v* plot. **c** *I* ~p~ versus *v* ^1/2^ plot

The catalytic activity of Au--Ag/PAP/GCE was also studied in the concentration range between 1.0 and 10 mM of AB (Fig. [6](#Fig6){ref-type="fig"}). However, the oxidation peak potential of AB shifted slightly to more positive values with increasing concentrations of AB, and a linear relationship was observed between the peak current and AB concentration. Expectedly, for higher AB concentrations, it takes more time to consume all AB at the electrode surface where oxidation peak appears at more positive potentials. The linear dependence of peak current on AB concentrations indicates that Au--Ag/PAP/GC electrode shows well catalytic activity in all diluted or concentrated AB solutions in alkaline media.Fig. 6Cyclic voltammograms of Au--Ag/PAP/GC electrode in 2.0 mol L^−1^ NaOH presence with different AB concentrations where the scan rate is 0.050 V s^−1^. *Inset* Anodic peak current *vs*. AB concentration for the Au--Ag/PAP/GC electrode

In rotating disk electrode (RDE) voltammetry, the number of electrons involved in an oxidation reaction at a specific potential can be obtained from the Levich equation (Eq. [3](#Equ3){ref-type=""}) \[[@CR60]\], where *n* is the number of the transferred electrons, *F* is the faraday constant (96,485 C mol^−1^), *A* is the electrode area (cm^2^), *D* is the diffusion coefficient (cm^2^ s^−1^), *ν* is the kinematic viscosity, and *C* is the analyte concentration (mol cm^−3^).$$\documentclass[12pt]{minimal}
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In RDE experiment, *D* value for AB in 2.0 M NaOH media was taken as 8.45 × 10^−6^ cm^2^ s^−1^, which was determined by Nagle and Rohan \[[@CR17]\]. The kinematic viscosity (*ν*) of solution was taken as 1.216 × 10^−2^ cm^2^ s^−1^ determined with Oswald viscosimeter at room temperature. A representative linear sweep voltammogram (LSV) of 5.0 mmol L^−1^ AB at Au--Ag/PAP/GCE is shown in the inset of Fig. [7](#Fig7){ref-type="fig"}a. In LSV study, AB oxidation peak was observed at −0.867 V on Au--Ag/PAP/GCE. In order to determine the number of electrons during AB oxidation, LSVs were obtained at Au--Ag/PAP/GCE with different rotation speeds (100--3000 rpm) (Fig. [7](#Fig7){ref-type="fig"}a). The oxidation currents increased with rotation rate indicate contribution of mass-transport control regime, at least within region of higher potentials. The curves also show the classical limiting current at higher potentials \[[@CR61]\]. The large shift of half-wave potential to more positive values was observed as rotation speed of increased electrode. It has also been reported that Au indicates an irreversible reaction \[[@CR62]\]. As expected, the complicated multielectron reactions involve formation of many intermediates on Au surface \[[@CR63], [@CR64]\]. The Levich graph represents the relationship between current density (*j*) and square root of rotation rate (*ω* ^1/2^) which draws various potentials as shown in Fig. [7](#Fig7){ref-type="fig"}b. According to the slope, the number of electrons transferred during the AB oxidation at Au--Ag/PAP/GCE is calculated to be 5.7 for high potential (−0.2 V). This value is close to the theoretical value of 6, as expected. The numbers of electrons transferred during the AB oxidation at Au disk electrode, Au/PAP/GCE, Ag/PAP/GCE, and Ag--Au/PAP/GCE were also calculated as 5.9, 6.0, 4.5, and 5.0, respectively.Fig. 7**a** LSVs of 5.0 mmol L^−1^ AB in 2.0 mol L^−1^ NaOH at Au--Ag/PAP/GCE rotated between 100 and 3000 rpm (the *inset* is 0 rpm). **b** Levich plots for AB oxidation at Au--Ag/PAP/GCE under the indicated potentials taken from **a**

The chronoamperometry measurements reveal more information about electrocatalytic activity and stability of the catalysts. The chronoamperometry responses of Au disk, Au/PAP, Ag/PAP, Ag--Au/PAP, and Au--Ag/PAP-modified GC electrodes in the presence of 8 mmol L^−1^ AB for 300 s are shown in Fig. [8](#Fig8){ref-type="fig"}. The current values of all modified electrodes decrease rapidly in the initial stage, and then reach steady-state characteristics. The highest steady-state peak current obtained at Au--Ag electrode corresponds to the high catalytic activity of this electrode for AB oxidation compared to other electrodes.Fig. 8Chronoamperometric curves of 8.0 mmol L^−1^ AB oxidation on Au disk, Au/PAP/GCE, Ag/PAP/GCE, Ag--Au/PAP/GCE, and Au--Ag/PAP/GCE electrodes in 2.0 mol L^−1^ NaOH

In order to estimate the number of electrons exchanged (*n*) of AB, the Cottrell equation was used based on chronoamperometry measurement \[[@CR65]\]:
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Here *i* is the current density of electrodes (mA cm^−2^), *F* is the faradaic constant (96,485 C mol^−1^), *A* is the electrode area (cm^2^), *C* is the bulk borohydride concentration (mol cm^−3^), and *D* is the diffusion coefficient (cm^2^ s^−1^) taken as 8.45 × 10^−6^ cm^2^ s^−1^. The calculated *n* value from *i* versus *t* ^−1/2^ graph for Au disk electrode, Au/PAP, Ag/PAP, Ag--Au/PAP, and Au--Ag/PAP electrodes are 5.96, 6.04, 4.5, 5.3, and 5.8, respectively. These values are coherent with the electrons calculated with RDE.

Conclusion {#Sec9}
==========

In the present study, well-dispersed Au/PAP, Ag/PAP, and Au--Ag bimentallic nanoparticles were successfully synthesized on polymer PAP/GCE films by electrochemical reduction process with CV technique. An average diameter of Au, Ag, and Au--Ag nanoparticles on the polymer films are 150, 80, and 85 nm, respectively, while the Au--Ag bimetallic nanoparticles were in the range of 20--50 nm. Au--Ag/PAP/GCE exhibits relatively high electrocatalytic activity for AB oxidation in terms of both oxidation peak potential and peak current. The highest catalytic activity may be attributed to the synergistic effect, unique structure, and homogenous dispersion of Au--Ag bimentallic nanoparticles on PAP/GCE surface. Additionally, Au--Ag/PAP/GCE exhibits high electrocatalytic activity for AB. This will be attractive to anode materials for ammonia borane fuel cells under alkaline conditions.
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